E retrovirus-infected newborn mice as a model system, we have shown recently that a longlasting antiviral immune response essential for healthy survival emerges after a short treatment with a neutralizing (667) IgG2a isotype monoclonal antibody (MAb). This suggested that the mobilization of adaptive immunity by administered MAbs is key for the success in the long term for the MAb-based passive immunotherapy of chronic viral infections. We have addressed here whether the anti-FrCas E protective endogenous immunity is the mere consequence of viral propagation blunting, which would simply give time to the immune system to react, and/or to actual immunomodulation by the MAb during the treatment. To this aim, we have compared viral replication, disease progression, and antiviral immune responses between different groups of infected mice: (i) mice treated with either the 667 MAb, its F(ab) 2 fragment, or an IgM (672) with epitopic specificity similar to that of 667 but displaying different effector functions, and (ii) mice receiving no treatment but infected with a low viral inoculum reproducing the initial viral expansion observed in their infected/667 MAb-treated counterparts. Our data show that the reduction of FrCas E propagation is insufficient on its own to induce protective immunity and support a direct immunomodulatory action of the 667 MAb. Interestingly, they also point to sequential actions of the administered MAb. In a first step, viral propagation is exclusively controlled by 667 neutralizing activity, and in a second one, this action is complemented by Fc␥R-bindingdependent mechanisms, which most likely combine infected cell cytolysis and the modulation of the antiviral endogenous immune response. Such complementary effects of administered MAbs must be taken into consideration for the improvement of future antiviral MAb-based immunotherapies.
Although monoclonal antibodies (MAbs) principally have been considered for anticancer applications heretofore (62, 64) , they now are increasingly being considered to treat severe acute and chronic viral infections (43, 63, 83) . The best-studied antiviral MAbs are (i) pavalizumab, a humanized anti-respiratory syncytial virus (RSV) MAb approved by the FDA in 1998 for treating severe lower-respiratory-tract diseases in infants (45) ; (ii) several anti-human immunodeficiency virus (HIV) MAbs, which have been used in macaque preclinical infection models and in several human trials (4, 5, 19, 27-30, 32, 42, 50, 55, 57, 76-79) ; and (iii) a few anti-hepatitis C virus (HCV) MAbs, some of which currently are being tested in humans (9, 22, 40) . However, other MAbs, some of them of human origin, also have been generated against other human viruses in recent years. Among them are antibodies against Ebola virus (75) , West Nile virus (WNV) (48, 53, 54) , cytomegalovirus (CMV) (11) , avian and human influenza viruses (59, 60, 73, 74) , severe acute respiratory syndrome coronavirus (SARS CoV) (81), hepatitis B virus (HBV) (31, 35) , Hanta virus (80, 82) , and Nipah virus (80, 82) . These antiviral MAbs all have been selected on the basis of their neutralizing activity and the possibility that they interfere with the antiviral immune response of treated hosts, because their effector functions have been considered surprisingly little so far. Addressing this question in clinical settings currently is not possible for a variety of reasons that include ethical, technical, and cost concerns. Therefore, we have turned to the neonatal infection of mice by the lethal FrCas E retrovirus as a model system. This model allowed us to show that a very short immunotherapy by a neutralizing MAb of the IgG2a isotype (667 MAb) can permit, in addition to an immediate direct effect on the viral load, the mounting of a long-lasting endogenous antiviral immunity, which is essential for viral control and healthy survival (23) (24) (25) . Because of the broad therapeutic perspectives opened by this observation, it now is essential to elucidate the molecular and cellular mechanisms underlying this effect.
FrCas E is a simple chimeric mouse retrovirus in which the env gene of the leukemogenic Friend murine leukemia virus (F-MuLV) was replaced by that of the neurodegenerationinducing CasBr retrovirus (58) . When 5 ϫ 10 4 infectious particles are inoculated into newborn mice under the age of 5 to 6 days, FrCas E can enter the central nervous system (CNS) and induces a neurodegeneration fatal within 1 to 2 months with 100% incidence (15, 23, 41, 58) . However, upon infection at a later time, FrCas E can no longer enter the CNS. Instead, it replicates only in the periphery and gives rise to a fatal erythroleukemia preceded by spleen enlargement and a dramatic drop of the hematocrit. Erythroleukemia incidence and incubation period, however, are variable, depending on the inoculum and the date of infection (46) . 667 is an IgG2a/ (44) directed to the main viral receptorbinding site of CasBr Env (16) . It displays both in vitro (44) and in vivo (56) neutralizing activities. When rapidly (Ͻ2 days) administered for a few days to neonatally FrCas E -infected pups, viral propagation is rapidly blunted, which prevents virus entry in the brain and subsequent neurodegeneration (23) . Moreover, all 667-treated mice develop a strong, long-lasting antiviral immune response, which is necessary for them to survive healthy and with no sign of neurodegeneration or of erythroleukemia (23) (24) (25) and to resist viral challenges carried out as long as 14 months after first infection (23) . Protective antiviral immunity is of a typical TH1 type with humoral and cytotoxic T-cell (CTL) contributions. The anti-FrCas E humoral contribution is high, sustained, and principally of the IgG2a type with both in vitro neutralization-and complement-dependent cytolysis activities (23) . Interestingly, it shows typical secondary response characteristics in viral challenge experiments (23) , and anti-FrCas E antibodies are transmitted transplacentally and through breastfeeding by mothers to children, where they manifest the same properties as those of 667 in the perinatal infection setting, i.e., they prevent mice from developing neurodegeneration and permit the induction of an endogenous protective antiviral immune response (25) . Finally, the CTL response directed to infected cells was shown to be necessary for the protection of FrCas E -infected, 667-treated mice, as the depletion of CD8 ϩ T cells leads to death by retrovirally induced erythroleukemia (24) .
At this stage, an important issue is the clarification of whether the anti-FrCas E protective immunity seen in 667 MAb-treated mice is due to actual immunomodulation by the MAb owing to its effector function(s) and/or is the consequence of viral propagation blunting, which would prevent the immune system from being overwhelmed by an excess of antigen and, hence, would give it time to react optimally. To address these two nonexclusive possibilities, we compared here viral propagations, health statuses, and endogenous immune responses in four groups of mice. The first three groups were mice neonatally infected under standard conditions (5 ϫ 10 4 infectious particles) and treated with either the natural 667 MAb, the antibody effector function-lacking F(abЈ) 2 fragment of 667, or a neutralizing IgM (672) with effector functions inherently different from those of 667. The last group consisted of mice neonatally infected with a low FrCas E inoculum but not subjected to immunotherapy, which is a condition permitting early viral propagation kinetics similar to those of animals infected and 667 MAb treated under standard conditions. Taken together, our data indicate that the drastic reduction of viral propagation shortly after infection is not sufficient for the induction of protective adaptive immunity and, thereby, point to an immunomodulatory action of 667. Interestingly, they also point to two sequential actions of the administered MAb. In the immediate postinfection period, viral spread is controlled exclusively by 667 neutralizing activity, and later it involves the cytolysis of infected cells owing to Fc␥R-binding-dependent mechanisms. Finally, our work shows that not all antibody isotypes are equally efficient at protecting infected mice and favoring the mounting of protective immunity, as 672 IgM immunotherapy-treated animals died of erythroleukemia.
MATERIALS AND METHODS
Virus stocks, cell lines, and monoclonal antibody production. Culture supernatants of Mus dunni embryo fibroblasts transfected with the FrCas E proviral clone (58) were used as viral stocks (56) . The anti-murine leukemia virus Env mouse 667 MAb (IgG2a/) (44) was purified from hybridoma supernatant and assayed as previously described (16) . The anti-CasBr Env mouse IgM/ 672 MAb (44) was prepared from hybridoma culture supernatant and purified using the IgM purification kit from Pierce. The purified 2.4G2 MAb was obtained from BioXcell.
667 F(ab) 2 fragment preparation. The 667 MAb and pepsin were mixed at final concentrations of 3 and 1 mg/ml, respectively, in 20 mM sodium acetate buffer (pH 4.0). The mixture was incubated for 7 h at 37°C. The undigested MAb and the Fc fragment were removed by protein A affinity chromatography. The unbound fraction was collected as the F(abЈ) 2 fragment, and purity was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Viral titers and in vitro neutralization activity assays. Viral titers were determined using a focal immunofluorescence assay (FIA) as previously described (23) . Dilutions of virus-containing samples were added to 25% confluent Mus dunni cell cultures in the presence of 8 g/ml of polybrene. The cell-to-cell spread of replication-competent retroviruses was allowed to proceed for 2 days, and focus-forming units (FFU) were visualized by indirect immunofluorescence using the 667 MAb and a fluorescein isothiocyanate (FITC)-conjugated antimouse immunoglobulin. The virus neutralization activity of mouse serum samples was assayed as previously described (23) . Briefly, 4 ϫ 10 2 FrCas E FFU were diluted in a 1:1 ratio with serum samples or solutions containing the 667 MAb, the 667 F(abЈ) 2 fragment, or the 672 MAb and were incubated at 37°C for 1 h. Mixes were used to infect Mus dunni cells cultured in 12-well plates overnight. The infection medium was replaced by fresh culture medium and cells were allowed to reach confluence, at which time FFU were scored as before.
SPOT multiple-peptide synthesis and antibody assay. A total of 217 overlapping 15-mer amino acid peptides frameshifted by 3 residues and representing the complete CasBr Env sequence were synthesized on a cellulose membrane using the SPOT technique (16, 47) . Membrane-bound peptides were probed with 30 ml of 672 MAb-containing cell culture supernatant. MAb binding was revealed by means of an alkaline phosphatase-conjugated rabbit anti-mouse antibody (Sigma).
Viral infection and mice follow-up. Inbred 129/Sv/Ev mice (H-2D b haplotype) were used in this study. Three-day-old pups were infected intraperitoneally with a viral suspension containing 5 ϫ 10 4 FFU in 100 l, as previously described (23, 56) . Mice were examined daily for clinical signs of neurodegeneration (reduced weight, tremor, ataxia, and hind-limb paralysis). Erythroleukemia was assayed by measuring the reduction in hematocrit, which is associated with anemia, and spleen swelling by direct abdominal palpation on living animals or by direct examination after euthanasia (24) . Mice were bled at the retro-orbital sinus to assay viremia and anti-FrCas E serum immunoglobulin concentrations. After clotting at room temperature for 15 min, blood samples were centrifuged at 6,000 ϫ g for 15 min, and serum aliquots were stored at Ϫ20°C until use. For challenge experiments, mice were injected intravenously with a mix containing 25 l of FrCas E suspension containing 1 ϫ 10 7 FFU/ml and 1 million infected splenocytes.
Preparation of splenocytes. Spleens were dissociated by repeated pipetting in RPMI 1640 culture medium (Gibco). Dissociated cells either were used in infectious center assays or were washed twice in phosphate-buffered saline (PBS) containing 2% fetal calf serum (FCS) for flow cytometry analysis. Alternatively, they were incubated in ACK lysis buffer (Biowhittaker) to lyse red blood cells and, after being washed and resuspended in culture medium, were used for different experiments.
SIC assay. Serial dilutions of spleen cells from simply infected mice or from infected mice treated with either the 667 MAb, the 667 F(abЈ) 2 fragment, or the 672 MAb were plated onto 25% confluent indicator Mus dunni cells. After 3 days of coculture, spleen infectious centers (SICs) were visualized by immunofluorescence as in FIA (24) .
Enzyme-linked immunosorbent assay (ELISA) of anti-FrCas E antibodies. The 667 MAb and the anti-FrCas E serum antibodies were assayed as described previously (23) . Whereas animals of sufficient size were bled at the retro-orbital sinus, the blood of pups was collected following euthanasia. Antibodies used for the standard curve and serum samples were diluted in PBS (0.15 M NaCl, 0.01 M Na phosphate, pH 7) containing 0.1% Tween 20 and 1% bovine serum albumin. The 667 and 672 MAbs were used as standards for anti-FrCas E antibody IgG2a and IgM detection, respectively. Secondary peroxidase-conjugated anti-mouse IgG2a, IgM, and IgG1 rabbit antisera (Serotec) were used as secondary antibodies.
Assay of CD8 ؉ T cells specific for FrCas -GagL tetramers) (68) for 15 min at room temperature in PBA (PBS containing 2% FCS and 0.01% sodium azide). Cells were washed and analyzed by flow cytometry after paraformaldehyde fixation using the FACSCanto II device from Becton Dickinson, and data were processed using the FlowJo program from Three Star.
In vivo cytotoxicity assays. In the experiments of Fig. 4E to F and 6C, splenocytes prepared from naïve 4-week-old mice were pulsed with either the GagL (12) (specific CTL target cells) or the np396-404 control peptide derived from lymphocytic choriomeningitis virus (LCMV) nucleoprotein (NP) (21) (control cells allowing the measurement of spontaneous cell death) at 37°C for 1 h. Peptides were used at a concentration of 1 mg/ml. After being washed in PBS to eliminate excess peptide, splenocytes loaded with the GagL and the np396-404 peptides were labeled with 5 M CFSE (CFSE high cells) and 0.5 M CFSE (CFSE low cells), respectively, at 37°C for 10 min in PBS. Cells then were washed again in ice-cold PBS and resuspended in PBS for adoptive transfer. After being counted, they were mixed in a 1:1 ratio. An aliquot was analyzed by flow cytometry to determine the exact CFSE low /CFSE high cell ratio. Cells (10 7 in 0.2 ml of PBS) of the mix were injected intravenously in each recipient 129/Sc/Ev mouse 10 days after the viral challenge performed at week 8 postinfection. Sixteen hours later, mice were euthanized for the flow cytometry quantification of splenic CFSE low and CFSE high cells. The CTL activity against GagL-loaded splenocytes was calculated from the ratio of CFSE high /CFSE low cells 16 h after adoptive transfer corrected by the CFSE high /CFSE low ratio assayed before the grafting of cells to the recipient mice.
Assay of in vivo anti-FrCas E antibody cytolytic activity. The assay used was adapted from Guyre et al. (26) . Noninfected and FrCas E -infected splenocytes were labeled with 0.5 M (Sp CFSE low ) and 5 mM (SpFr CFSE high ) CSFE, respectively. They then were mixed in a 1:1 ratio and administered intravenously to 2-month-old naive mice or to age-matched mice formerly treated with the 2.4G2 MAb binding and blocking both Fc␥RII (CD32) and Fc␥RIII (CD16) (3, 38, 39) . Eight g of 2.4G2 per g of body weight was administered to mice 24, 12, and 1 h before the administration of the splenocyte mix, at which time they received 200 g of either the 667 MAb, the 667 F(abЈ) 2 fragment, or the 672 MAb. Five hours later, the animals were euthanized and the ratio of CFSE low / CFSE high cells in the spleen was assayed by flow cytometry. Statistics. Data are presented as means Ϯ standard errors of the means. Statistical significance between the groups was determined by applying the Mann and Whitney's test to compare two independent groups. A P value of less than 0.05 was considered statistically significant.
Ethics statement. All procedures for animal handling and experiments were approved by the local animal facility "ComEth" institutional review board under the supervision of the French LR Regional CEEA ethic committee on animal experimentation (Chairman M. Michel, Université Montpellier).
RESULTS

Reduction of viral propagation by passive immunotherapy is not sufficient to explain long-term protection of FrCas
Einfected/667 MAb-treated mice. As mentioned above, a first possibility to explain that a short treatment of neonatally infected mice with the 667 MAb allows long-term healthy survival is that the efficient inhibition of viral propagation simply would give time to the immune system to mount a protective immunity. Should this be true, simply infected mice showing viral propagation kinetics comparable to those observed in FrCas E -infected and 667 MAb-treated mice during the treatment period should survive in the long term and develop a similar protective antiviral immune response. To test this hypothesis, we compared health statuses and antiviral immune responses in mice infected under standard conditions (intraperitoneal injection of a viral suspension containing 5 ϫ 10 4 
FrCas
E FFU in 100 l on day 3 after birth) and treated with the 667 MAb (high-inoculum [HI]-infected/667 MAb treated mice) and age-matched animals infected with a low viral inoculum (LI; intraperitoneal injection of a viral suspension containing 1 to 5 FrCas E FFU in 100 l on day 3 after birth) but not immunotherapy treated. In these experiments, passive immunotherapy was initiated 1 h after infection, which is a time sufficient to allow infection and efficient viral spread (23) (24) (25) ; also see below), and consisted of three MAb administrations during a period of 5 days (Fig. 1) . Notably, previous experiments have shown that protection outcomes of HI-infected mice were identical whether the MAb treatment was initiated 1 h or up to 2 days postinfection (23) . Under our experimental conditions, the 667 MAb becomes undetectable in sera of HI-infected/667 MAb-treated mice by day 14 after infection (23) . Viral propagation was monitored using three criteria: (i) serum viremia assay, (ii) the flow cytometry quantification of Env-expressing splenocytes, and (iii) the quantification of SICs (see Materials and Methods), i.e., of FrCas E -producing splenocytes (note that the spleen is a major replication organ for MuLVs).
All control HI-infected/nontreated mice died from neurodegeneration within 1 to 2 months after having shown high viremia (Fig. 2C ) and the high productive infection of splenocytes ( Fig. 2A and B) . In contrast, infection with 1 to 5 FFU led to viral propagation kinetics comparable to that of HI-infected/ 667 MAb-treated mice during the first 14 days postinfection (peak by day 10 to 12 and return to basal level by day 12 to 14), as assayed at both SIC (Fig. 2D) and Env-expressing spleno- cyte (Fig. 2E ) levels. Consistently with our former studies showing that the 667 MAb treatment does not completely eradicate FrCas E from HI-infected mice (23) , the assay of SICs and Env-expressing splenocytes indicated very weak and comparable levels of spleen infection in the two groups of mice. Moreover, serum viremia (limit of detection, 10 2 FFU/ml) could be detected neither in HI-infected/667 MAb-treated mice, in keeping with our previous data (23) , nor in LI-infected/nontreated mice. Of note, a significant increase of both infected and infectious splenocytes was observed by day 15 in FIG. 2. Viral propagations in HI-infected/immunotherapy-treated mice versus HI-infected/nontreated animals. A total of 54 newborn mice were used per group of HI-infected/667 MAb-treated and HI-infected/nontreated mice (two animals per time point in three different experiments), and a total of 36 newborn mice were used for each of the other groups (two animals per time point in two different experiments). Viral propagation was monitored using three criteria: spleen infectious centers, Env-expressing splenocytes, and serum viremia. (A, D, and F) SIC assays. Spleen cells from simply infected mice or from infected mice treated with either the 667 MAb, the 667 F(abЈ) 2 fragment, or the 672 MAb were isolated and plated onto indicator Mus dunni cells. SICs corresponded to the number of infectious centers scored in focal immunofluorescence assays after 3 days of coculture, as described in Materials and Methods. % SICs on the y axis indicates the percentage of infectious splenocytes versus the total number of splenocytes used in the experiment. (B, E, and G) Assay of Env-expressing splenocytes. Splenocytes were purified from the various mice, and Env expression at their surface was quantified by flow cytometry, as described in Materials and Methods. The percentage of Env-expressing splenocytes is indicated on the y axis. (C and H) Serum viremia assay. Viremia was assayed in a focal immunofluorescence assay, as indicated in Materials and Methods. Error bars indicate standard deviations. Statistical significance between the groups was established using the Mann and Whitney test. ‫,ءء‬ P Ͻ 0.01; ‫,ء‬ P Ͻ 0.05.
LI-infected/nontreated mice but not in HI-infected/667 MAbtreated mice ( Fig. 2D and E ; also see Discussion). Finally, all of the LI-infected/nontreated mice were protected from the neurodegeneration (presumably because viral propagation was not sufficient to allow FrCas E entry into the brain before day 7 postinfection), as demonstrated by the absence of signal in PCR assays of FrCas E provirus performed in the brain 21 days after infection (see Fig. S1 in the supplemental material). However, all of these mice died from erythroleukemia before week 30 postinfection (Table 1) . Erythroleukemia was similar to that developing upon F-MuLV infection in other settings, i.e., it was associated with anemia and dramatic spleen enlargement. This contrasted with the healthy survival of HI-infected/ 667 MAb-treated mice for more than 30 weeks postinfection (termination of the experiment). Thus, the simple reduction of viral propagation during the first 14 days postinfection, i.e., the time of actual immunotherapy in HI-infected/667 MAbtreated mice, is not sufficient to protect mice from retroviral disease development.
LI-infected/nontreated mice mount a weaker anti-FrCas E immune response than HI-infected/667 MAb-treated animals.
As a next step, we tested whether erythroleukemia development in LI-infected/nontreated mice correlated with an antiviral immune response weaker than that of HI-infected/667 MAb-treated animals. We first addressed the humoral response against FrCas E by ELISA. From day 10 to 26 postinfection, the anti-FrCas E IgM production profiles were comparable between the groups of mice (Fig. 3A) . In contrast, subsequent antiviral IgG production levels were dramatically different, with a weaker response in LI-infected/nontreated mice than in HI-infected/667 MAb-treated animals (Ͼ10-fold difference regardless of the time tested until week 30) (Fig.  3B) . Consistently, the FrCas E -neutralizing activity of serum taken at week 15 postinfection was higher in HI-infected/667 MAb-treated mice, although the specific neutralizing activities per g of anti-FrCas E IgG were comparable between the two groups of animals (Fig. 3C) . This suggested a quantitative rather than qualitative difference between the humoral responses of LI-infected/nontreated-and HI-infected/667 MAbtreated mice. We then compared the primary and memory CTL responses against infected cells in the two groups of animals. As H-2D b cells infected by most MuLVs present an immunodominant MHC class I-restricted epitope called GagL (52), CD8
ϩ T-cell responses directed against FrCas E -infected cells were quantified by flow cytometry using a fluorescent GagL tetramer during the first 22 days following infection.
They showed that LI-infected/nontreated mice mounted a poor, albeit detectable, primary response. This contrasted with the 20-fold stronger response peaking by day 14 postinfection and returning to a nondetectable level by day 20 in HI-infected/667-treated animals ( Fig. 4A and B) . A weaker memory response also was identified by the GagL tetramer staining of CD8 ϩ T cells in virally challenged LI-infected/nontreated mice 8 weeks after first infection compared to that of HI-infected/ 667 MAb-treated animals ( Fig. 4C and D) . Finally, we also verified that differences in CTL numbers actually reflected differences in cytolysis activity in vivo, which was monitored by the in vivo killing of splenocytes grafted to virally challenged mice after prior in vitro labeling with the CFSE vital die and loading with the GagL peptide ( Fig. 4E and F) . Thus, the simple reduction of viral propagation to a level comparable to that observed in HI-infected/667 MAb-treated animals during the first 14 days postinfection is not sufficient for the mounting of high, long-lasting humoral and cellular immune responses against FrCas E . This strongly suggests an immunomodulatory action of the 667 MAb directing the immune response toward a protective outcome in HI-infected/667 MAb-treated mice.
The Fc domain of 667 MAb is necessary for healthy survival and efficient mounting of protective immunity in HI-infected/ 667 MAb-treated mice. IgG2a antibodies are endowed with two important effector functions borne by their Fc fragment (7, 13) , which could be involved in the indirect effects of 667 on endogenous antiviral immunity. These effector functions are the binding to the various Fc␥ receptors (Fc␥Rs) also recognized by other IgGs and expressed by a number of immune cells and the binding to the C1q component of complement (36) . As a first step toward a more formal demonstration of the immunomodulatory action of 667, we compared HI-infected mice treated with either the whole MAb or its F(abЈ) 2 fragment, which is only capable of virus neutralization. In these experiments, the 667 F(abЈ) 2 fragment was administered more frequently than intact 667 (Fig. 1) to take into account its 3-fold-shorter in vivo half-life and to maintain its serum concentration at a level comparable to that of 667 during the whole treatment period. Importantly, the neutralizing activity of the 667 F(abЈ) 2 fragment was identical to that of the 667 MAb in in vitro neutralizing assays (Table 2 ). In addition to treating mice with similar neutralizing agent concentrations, this constituted a second prerequisite for the validity of our analysis. Viremia in HI-infected/667 F(abЈ) 2 -treated animals was not contained as it was in HI-infected/667 MAb-treated mice, but it was reduced by a 100-fold factor with a viremia onset delayed by 4 days compared to that of HI-infected/ nontreated controls (Fig. 2H) . Consistently, the number of SICs (Fig. 2F) and Env-positive spleen cells (Fig. 2G ) also was delayed and was much higher in HI-infected/667 F(abЈ) 2 -treated mice than in HI-infected/667 MAb-treated ones and lower than in HI-infected/nontreated controls. Finally, all HIinfected/667 F(abЈ) 2 -treated mice died from erythroleukemia within 20 weeks with no neurological signs of any sort (Table 3) .
We next compared the immune responses in the two groups of animals. Serum levels of antiviral IgMs increased similarly in HI-infected/667 MAb-treated-and HI-infected/667 F(abЈ) 2 -treated mice from day 10 to 26 postinfection (Fig. 3D ), but the subsequent total anti-FrCas E IgG response was 40-fold weaker in HI-infected/667 F(abЈ) 2 -treated mice than in HI-infected/ Fig. 3B and  E) . Notably, the rapid decrease in IgG levels observed after week 15 coincided with the dramatic health deterioration of 667 F(ab) 2 -treated mice, which were euthanized at week 20 after infection. Not surprisingly, IgG neutralization activity was much higher in HI-infected/667 MAb-treated mice (Fig. 3C) , although specific neutralization activities per g of antiFrCas E IgGs in the two groups of animals were comparable FIG. 3 . Humoral responses in HI-infected/immunotherapy-treated and LI-infected/nontreated mice. Anti-FrCas E IgM (A) and IgG (B) responses developed in HI-infected/667 MAb-treated-and LI-infected/nontreated mice. Forty neonates per group of animals each were used per experiment as described in the legend to Fig. 1 . Two independent experiments were conducted. (C) Anti-FrCas E neutralization activity in sera from HI-infected/immunotherapy-treated and LI-infected/nontreated mice. Neutralization activity was assayed using sera from 15-week-old mice. The presented data are the averages of values obtained from two groups of 15 mice analyzed in independent experiments. In the left panel, the assays of total neutralization activities in the sera from the various mice were conducted using identical volumes of sera collected from these mice. In the right panel, the assays of specific neutralization activities (neutralization activity per weight unit of anti-FrCas E immunoglobulin) were conducted after appropriate dilutions of serum samples so as to have the same amounts of anti-FrCas E immunoglobulins in all samples from HI-infected/ immunotherapy-treated mice and from LI-infected/nontreated mice. Anti-FrCas E IgM (D) and total anti-FrCas E IgGs (E) responses developed in HI-infected/667 F(abЈ) 2 -treated and HI-infected/672 MAb-treated mice. Forty neonates per group of animals each were used per experiment as described in the legend to Fig. 1 . Two independent experiments were conducted. Error bars indicate standard deviations.
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( Fig. 3C) . The primary and memory CTL responses against infected cells in the two groups of animals were much weaker in HI-infected/667 F(abЈ) 2 -treated than in HI-infected/667 MAbtreated mice, whether tested by GagL tetramer staining of CD8 ϩ T cells (Fig. 5A and B) or in in vivo cytolysis activity assays (Fig.  5C ). Thus, our data indicate that simple neutralization activity borne by its F(abЈ) 2 fragment is not sufficient for 667 to ensure not only the efficient reduction of viral propagation during the immunotherapy period but also the development of strong antiviral immunity and the protection of HI-infected mice.
No protective antiviral immunity develops in HI-infected mice treated with a neutralizing IgM. We searched to identify which of the two effector functions borne by IgG2a is/are instrumental for the development of protective immunity in HI-infected/667 MAb-treated mice. As a first step to this aim, we turned to the immunotherapy of HI-infected animals using a neutralizing IgM, as this isotype is endowed with strong complement-binding activity but lacks the ability to bind to the Fc␥Rs (34, 70) . For this, we characterized in further detail the 672 MAb, which is an IgM/ previously shown to be capable of CasBr neutralization (44) . Using the SPOT technique (see Materials and Methods and reference 16), we demonstrated that 672 recognizes the linear epitope THWGLD, which is located in the viral receptor-binding domain of Env (Fig. 6A  and B) . Interestingly, this motif is contained in that recognized by 667 (16) (Fig. 6B) , excluding that the differential in vivo activity between the two MAbs is due to strong epitopic differences. Additionally, we showed that 672 could neutralize FrCas E in vitro similarly to 667 (Table 2 ). In the immunotherapy treatment of HI-infected mice (Fig. 1) , 672 effects were very similar to those of the 667 F(abЈ) 2 fragment, as all HIinfected/672 MAb-treated mice (i) died of erythroleukemia (Table 3) , (ii) showed only partial viral propagation reduction during the second week postinfection (Fig. 2F to H) , (iii) showed comparable anti-FrCas E IgM responses but poor IgG ones ( Fig. 3D and E) , (iv) showed poor neutralization activity of these endogenous IgGs (Fig. 3C) , and (v) showed poor CTL activity directed to infected cells (Fig. 5A to C) . This strongly suggested that complement activity does not play a major role, if any, in the long-term effect of 667 in HI-infected/667 MAbtreated mice.
The 667 MAb mediates Fc-associated cell lysis in vivo. Neither the 667 F(abЈ) 2 fragment nor the 672 MAb can limit viral propagation in HI-infected mice to a great extent. An obvious possibility to explain viral propagation blunting in 667 MAb immunotherapy-treated animals therefore would be the efficient mediation of the cytolysis of infected cells by 667 owing to its Fc␥R-binding activity. To test this possibility, we turned to an in vivo cytolysis assay (see Materials and Methods for details) consisting of assaying the survival of FrCas E -infected splenocytes injected intravenously into naïve mice after the administration of either 667 or 672 in the presence or in the absence of the 2.4G2 MAb, as this antibody recognizes two Fc␥ receptors (Fc␥RII or CD32 and Fc␥RIII or CD16) and thereby blocks antibody-dependent cell cytolysis (ADCC) (3, 38, 39) . The 667 F(abЈ) 2 fragment was used as a negative control in these experiments. The data presented in Fig. 7 indicate a strong Fc␥R-binding-dependent in vivo cytolysis activity of FrCas E -infected cells for 667, a reduced Fc␥R-binding-independent cytolysis activity for 672, and none for the 667 F(abЈ) 2 fragment. Thus, they strengthened the idea that the Fc␥R-binding effector function of 667 plays a crucial role in the protection of HI-infected mice.
DISCUSSION
We have addressed here whether viral propagation control in the immediate posttreatment period and/or MAb-driven FIG. 5 . CTL response in HI-infected/667 F(abЈ) 2 -treated and HIinfected/672 MAb-treated mice. Mice were infected as described in the legend to Fig. 1. (A) Primary CD8 ϩ T-cell response. The presented data are the averages of values obtained from two animals analyzed on day 14 postinfection in each of three independent experiments conducted. (B) Memory CD8 ϩ T-cell response. Eight mice per group were used in three independent experiments conducted as indicated in the legend to Fig. 4C . (C) Cytotoxic activity against spleen cells loaded with the GagL peptide in mice subjected to a viral challenge. Experiments were conducted as described for Fig. 4E and F. Eight mice per group were used in three independent experiments as indicated in the legend to Fig. 4E . Error bars indicate standard deviations. immunomodulation could explain the long-lasting protective antiviral immunity mounted by FrCas E -infected mice treated with the 667 MAb. Four main conclusions can be drawn from our data. First, the drastic reduction of viral propagation during the first week after infection in the period just following infection is sufficient to avoid neurodegeneration. As the permeability of the blood-brain barrier is lost by day 7 after birth in mice (14) , it is likely that the limitation of viral spread shortly after infection is sufficient to prevent FrCas E entry into the CNS. Second, virus neutralization by the antigen-binding domain of the MAb, which is essential for viral spread limitation in the immediate postinfection period, is not the exclusive antiviral mechanism at play before the onset of the endogenous antiviral immune response. Rather, the Fc portion of 667, most probably via the Fc␥Rs-mediated lysis of infected cells, plays a crucial role in the direct control of initial viral propagation during the second week after infection. Third, our data rule out that the 667 MAb treatment just gives time to the immune system to react protectively to FrCas E infection but strongly suggest an immunomodulatory action of the administered MAb. Fourth, not all antibody isotypes are equally efficient at protecting mice and helping the mounting of a protective antiviral immunity, as the 672 MAb failed to do so.
Sequential actions of 667 neutralizing and effector functions control viral spread in HI-infected/667 MAb-treated mice. To address the role of the 667 Fc and to identify the effector function(s) involved in its antiviral activity, we have resorted to immunotherapies of HI-infected mice with both the 667 F(abЈ) 2 fragment, which lacks IgG2a effector functions, and a neutralizing IgM, 672, which recognizes nearly the same epitope as 667 and is endowed with functions significantly different from IgG2a functions. Interestingly, the outcomes of these experiments were similar, not only because all mice died of erythroleukemia but also with respect to viral propagation and humoral and cellular immune responses. Strikingly, FrCas E spread was controlled in both groups of animals as efficiently as in HI-infected/667 MAb-treated mice for the first 7 days postinfection but less efficiently afterwards (Fig. 2F to  H) until the moment the immune reaction became detectable, as assayed at the level of anti-FrCas E IgMs (Fig. 3C to E) and primary CTL responses (Fig. 6 ). This suggested a two-step action for 667: in the first step, viral replication control would depend exclusively on its neutralizing activity (approximately the first 7 days postinfection), and in a second phase it would depend on the MAb effector function(s) (approximately the following 7 to 10 days) before the endogenous adaptive immunity comes into play. As IgMs, such as 672, are endowed with a much higher complement-dependent cytolysis activity than IgG2a antibodies (33) and 667 displays Fc␥R-dependent cytolytic activity against FrCas E -infected cells in vivo (Fig. 7) , it is most likely that the effector function of 667 involved in virus 
FIG. 7.
In vivo Fc␥R-dependent cytolytic activities of the 667 MAb, the 667 F(abЈ) 2 fragment, and the 672 MAb. The assessment of Fc␥R-dependent cytolytic activities of the 667 MAb, the 667 F(abЈ) 2 fragment, and the 672 MAb is described in Materials and Methods. Briefly, noninfected and FrCas E -infected splenocytes differentially labeled with high and low concentrations of the vital dye CSFE were administered intravenously to naive mice or to mice formerly treated with the anti-Fc␥RII and anti-Fc␥RIII 2.4G2 MAb. At the same time, the animals received either the 667 MAb, the 667 F(abЈ) 2 (49) . Additionally, at variance with MAb-treated mice, no protection could be achieved in F(abЈ) 2 -treated animals infected with LCMV (6) or yellow fever virus (69) . Finally, mutating the complement-binding site of a neutralizing anti-HIV MAb had no effect on the viral load in simian-human immunodeficiency virus (SHIV)-infected macaques, whereas disabling the FcR-binding site leads to the drastic loss of direct antiviral activity (27, 28) . It would be interesting to establish whether MAb neutralizing and effector functions act sequentially in these experiments as we observed in ours. Possible role of 667 effector function(s) in the mounting of a protective antiviral response in HI-infected/667 MAb-treated mice. The lack of protective immune responses in HI-infected/ 667 F(abЈ) 2 -treated and HI-infected/672 MAb-treated mice strongly suggests an immunomodulatory action of 667 in neonatally FrCas E -infected mice, which is an important conclusion of this work. Concerning this effect, the Fc␥R-binding function is the most interesting effector function to consider. One reason for this is that complement activity is relatively low in mouse neonates, which diminishes the likelihood of a complement-dependent contribution in our experiments. Another, more straightforward, possibility takes into account the biology of both neonatal dendritic cells (DCs) and Fc receptors. Neonatal humoral and cell-mediated immune responses are generally of lower potency and of shorter duration than those generated in adults, especially upon exposure to high doses of antigen (see below) (1, 71) . This is largely due not only to the scarcity of neonatal DCs but also to the less effective interaction of these cells with antigens, which results in the weak activation of effector B and T cells (1, 71) . Besides this, immune complexes (IC) are more efficient than simple antigens at activating the maturation, antigen presentation, and stimulation of effector lymphocytes by DCs via their interactions with and internalization via their Fc receptors (51) . It therefore is reasonable to assume that ICs involving FrCas E and/or infected cells better activate DCs in HI-infected/667 MAbtreated mice than simple viral antigens in HI-infected/nontreated [or even viral antigen/667 F(abЈ) 2 and viral antigen/672 MAb complexes in HI-infected/667 F(abЈ) 2 -and HI-infected/ 672 MAb-treated animals, respectively], as recently shown in older HI-infected/667 MAb-treated mice (46) . As Fc␥Rs are expressed on other immune cells, it is possible that other mechanisms also come into play in HI-infected/667 MAb-treated mice. This is all the more important because B cells are poorly abundant during early life, and ICs were demonstrated to be more efficient than simple antigens at activating B cells and lengthening plasma cell survival in a variety of situations (51) .
A role for viremia blunting in induction of antiviral immunity in neonatally HI-infected/667 MAb-treated mice? Neonatal immune responses most often are skewed toward tolerance or TH2-type responses upon exposure to high doses of antigen (1, 71). However, decreasing the dose of antigen initially was suggested as a simple way to induce adult-like TH1 responses in neonates (65, 66) . Interestingly, one of the two seminal studies was based on mouse infection with the CasBr retrovirus, whose env gene is a constituent of FrCas E (also see below), and this concept received further support in other viral settings. Those included the vaccination of newborn mice with live-attenuated Sendai (72) , Herpes simplex (20) , and vaccinia (37) viruses capable of very limited propagation. Even though the reduction of viremia early in life is not sufficient on its own to induce long-lasting protective immunity (as shown in this work), it is important to consider that the blunting of viral propagation may collaborate with immunomodulation by 667 to explain the typical TH1 response with IgG2a and CTL contributions developing in neonatally HI-infected/667 MAbtreated mice. This must be considered, because limiting antigen amounts in various experimental models has been shown to favor the expansion of T cells with high-affinity receptors, which are T cells presumably more efficient at eliminating antigens and providing help to B cells (10, 61, 67) . One possibility is that the fitness of the CD8 ϩ T-cell response would (at least partially) depend on limited bystander inflammation at the time of inoculation, as shown in infections of adult mice with various inocula of polyomavirus (2) .
We would, however, emphasize that the contribution of viral propagation blunting to long-term antiviral immunity might be both time and virus dependent. The idea of restriction to a narrow window of time is supported by the observation that the infection of 2-week-old mouse infants with a low LCMV inoculum led to only limited expansion of CD8 ϩ effector T cells and the absence of memory CD8 ϩ T cells (8) . The idea of virus type dependency stems from the different outcomes of infections of neonatal mice with low inocula of two related retroviruses, CasBr (17, 18, 66) and FrCas E (this work), despite apparently very similar experimental conditions. In the former case, mice are protected from the retroviral disease and develop a strong TH1 memory response (18, 66) that can be reactivated easily during adulthood (17) , whereas in the latter case, mice die after having developed a poor and ineffective primary CD8 ϩ T-cell response lacking memory. Evolution of the humoral anti-FrCas E response in HI-infected/667 MAb-treated mice. Two points deserve comment concerning the anti-FrCas E humoral immunity in the four groups of animals of this study. The first point concerns the apparent similarity of IgM responses whatever the infection and treatment conditions ( Fig. 3 and 6) , which suggests the absence of an immunomodulatory action of FrCas E /667 ICs at that level. However, we would like to underline that IgM responses were assessed only at the quantitative level. At this stage of investigation, we cannot formally exclude a possible immunomodulatory effect of the immunotherapy on the humoral response via the selection of distinct idiotype repertoires in HI-infected/667 MAb-treated and HI-infected/667 F(abЈ) 2 , HI-infected/672 MAb, or LI-infected/nontreated mice (also see below). Future work will address this point. The second point concerns the dramatic differences between anti-FrCas E IgG responses in HI-infected/667 MAb-treated mice on the one hand and LI-infected/nontreated, HI-infected/667 F(abЈ) 2 , and HI-infected/672 MAb-treated animals on the other (Fig. 3  and 6 ). Two periods were clearly distinguishable in our experiments. A first early period extended from the immunotherapy to week 10 postinfection and already was characterized by more abundant anti-FrCas E IgGs in the former group of animals compared to those of the other two. A second late period began by week 10, at which time the IgG response increased not only dramatically but also synchronously in all HI-infected/ 667 MAb-treated mice, whereas it remained very low in the other two groups. It is plausible that 667/FrCas E ICs played a role at the beginning of the early period to induce a stronger antiviral IgG response, possibly by favoring the IgM-to-IgG class switch and/or by boosting the endogenous IgG response in HI-infected/667 MAb-treated mice. However, such a mechanism cannot be considered at later time points, as 667 no longer is detectable in 667 MAb-treated mice 2 weeks after its first administration (23) . Further investigations are necessary to elucidate the mechanisms programming this humoral response enhancement.
In conclusion, we have shown in this study that the antiFrCas E protective immunity developing in neonatally HI-infected/667 MAb-treated mice is not the sole consequence of the blunting of viral propagation by 667, which would have given sufficient time to the immune system of infected pups to react efficiently. Rather, it results from a genuine immunomodulatory effect of the administered antibody dependent on Fc fragment-associated function(s). As the effector properties of the various antibody isotypes are significantly different, our data strongly suggest that the choice of the neutralizing MAb isotype will be critical not only for immediate antiviral effects, as shown in the immunotherapies of SHIV-infected macaques cited above (27, 28) , but also for inducing endogenous protective antiviral immunity.
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